The most general form of the W W Z and W W γ interaction contains a CPviolating term which has the same threshold behaviour as the Standard Model e + e − → W + W − cross section. We calculate the cross section as a function of the corresponding anomalous coupling, and estimate the bounds which can be obtained from a measurement of the threshold cross section at LEP2. We show how the effect of the coupling is most pronounced in the angular distributions of the final-state fermions.
One of the most important physics goals of the LEP2 e + e − collider ( √ s ≃ 160 − 190 GeV) is to measure or constrain anomalous couplings, in particular the trilinear couplings of the W , Z and photon. In the SU(2)×U(1) Standard Model (SM) these couplings are completely specified, and so any deviations from the SM values would signal new physics. A very detailed and up-to-date study of how the various couplings can be measured at LEP2 can be found in Ref. [1] . The idea is to use the angular distributions of the decay products in e + e − → W + W − → 4f production, which are sensitive to the form of the W W γ and W W Z vertices.
Another important measurement at LEP2 is the determination of the W boson mass (M W ) [2] . Two methods have been discussed: the 'direct reconstruction' of the mass from the decay products, and the measurement of the total W + W − cross section close to the threshold at √ s = 2M W , which is sensitive to M W . Here one determines the W mass from equating the SM prediction and the experimental measurement, with M W as a free parameter:
It has been shown [2, 3] that a collision energy of 161 GeV is optimal in this respect. An apparent drawback to this method is that it assumes that the theoretical cross section is correctly given by the SM.
However it is very difficult to imagine any type of new physics corrections which would significantly alter the threshold cross section. The key point is that at threshold the total cross section is dominated by the t-channel neutrino exchange diagram (see Fig. 1 
below).
Contributions from s-channel photon and Z exchange are suppressed by a relative factor There is one important exception to this rule. The most general effective Lagrangian for the W W V vertex (V = Z, γ) in e + e − → W + W − production contains a total of seven distinct couplings [4] , see Eq. (1) below, each with different properties under discrete C, P and T transformations. All but one of these couplings are suppressed by a factor β 2 at threshold, including of course the SM couplings. The exception is the 'f V 6 ' (in the notation of Ref. [4] ) CP -violating coupling, which has the same threshold behaviour as the leading SM ν-exchange contribution.
1 The validity of the threshold cross section method for determining M W must therefore rely on the assumption that this coupling is either zero or very small.
In this letter we address the following question: if we assume that there is indeed a non-zero f 1 There is a straightforward angular momentum argument for this, see for example Ref. [4] .
an estimate for the uncertainty in its determination. Of course now one has to assume a value for M W , for example from the direct measurements at pp colliders. We also study the effect of the anomalous coupling on several angular distributions.
There is an important caveat to this approach. Neutron electric dipole moment data already rule out an anomalous CP -violating W W γ coupling greater than O(10 −3 ) (in units of e) [5] , unless one allows for fine tuning at this level between different contributions. If one further argues (see for example Ref. [6] ) that any extension of the SM should respect the SU(2)×U(1) gauge symmetry, then the same order of magnitude limit should apply also to the W W Z coupling, and there would be no observable effect at LEP2. We believe, however, that there is no substitute for a direct measurement. If one did discover a CPviolating W W V coupling at LEP2, the theoretical implications would be immense. For this reason, we consider both non-zero f γ 6 and f Z 6 couplings in our study. The most general W W V vertex which exhausts all possible Lorentz structure for W + W − production has the form [4] :
where
Here k ± are the four-momenta of the outgoing W ± and P is the incoming four-momentum of the neutral boson V = γ, Z. The couplings f V 1,2,3 in Eq. (1) are C and P conserving, while the remainder are C and/or P violating. In particular, the f V 6 coupling is C conserving, but P violating. More importantly in the present context, it is the only coupling that gives a leading threshold behaviour. In what follows we set all the other f V i to their SM values, i.e.
At LEP2 energies, i.e. far above the Z pole, the f γ 6 and f Z 6 contributions have a comparable effect on the total cross section and angular distributions. From a measurement with modest luminosity at a single threshold energy, it will therefore be very difficult to distinguish separate f γ 6 and f Z 6 contributions. In our numerical studies we therefore set f γ 6 = f Z 6 ≡ f 6 . Using, for example, the spinor techniques of Ref. [7] it is straightforward to compute the e + e − → W + W − → 4f scattering amplitude 2 including the anomalous f 6 contribution. The general form is
where the contributions on the right-hand side correspond respectively to t-channel neutrino exchange, Standard Model s-channel γ and Z exchange, and the anomalous contribution. For positive helicity initial-state electrons the first of these is absent.
We begin by considering the total e + e − → W + W − cross section in the zero width (stable W ) limit, at leading order. Unless otherwise stated, the numerical calculations described below use the same set of input parameters as the study of Ref. [3] . Where M W is needed as an input parameter, the recent world average value [8] from direct measurements at the pp colliders,
is used. 
The threshold behaviour discussed above is clearly evident: the anomalous contribution is O(β), as for the ν-exchange contribution and in contrast to the O(β 3 ) behaviour of the SM s-channel contributions. For f 6 = 1, the ratio of ∆σ f 6 to σ SM is approximately 0.43 near threshold, in agreement with Ref. [9] .
3
In practice the stable W approximation is inadequate in the threshold region. There are important contributions from finite width effects, initial-state radiation, Coulomb corrections etc. [2] , all of which smear out the sharp rise from zero of the cross sections in Fig. 1 . These effects are included in our calculation, exactly as described in Ref. [3] . section to f 6 (as parametrized by the ratio of δσ/σ to δf 6 /f 6 ) is approximately independent of √ s in the threshold region. This contrasts with the corresponding sensitivity to M W , which is maximal roughly 500 MeV above the nominal threshold at
It is for this reason that the 'threshold running' of LEP2 will take place at the single collision energy √ s = 161 GeV. In the remainder of this paper, therefore, we restrict our attention to this value. Fig. 3 shows σ W W (161 GeV) as a function of f 6 , for M W = 80.33 ± 0.15 GeV, the current world average. The expected quadratic behaviour is clearly evident. We can use this figure to estimate an approximate experimental error on f 6 from a total cross section measurement. In Ref. [2] it was estimated that for 4 experiments each with 50 pb −1 total luminosity the error on the W mass would be δM W = ±108 MeV. This corresponds to δσ/σ ≈ 1/16, indicated by the horizontal band in Fig. 3 centred on the SM prediction evaluated at the world average M W . Fixing M W at this value gives δf 6 = ±0.4 for the same cross section uncertainty. If the current ±150 MeV error on M W is taken into account, this increases to δf 6 = ±0.6.
Information will also be available on the distribution of the W + W − decay products, for example the angular distributions of the final-state leptons and jets. These can provide important additional constraints, particularly since in such distributions the interference between the SM and CP -violating amplitudes leads to a linear dependence on f 6 . Given the relatively small statistics, the difficulty in reconstructing the quark momenta from the observed jets, and the presence of at least one energetic neutrino in more than half the events, only rather simple distributions are likely to be accessible in practice. Nevertheless, these can still be rather sensitive to a possible CP -violating contribution. As an example, Fig. 4(a) shows the (laboratory frame) polar angle distribution of the charged lepton l
l decay. The curves show the SM and anomalous contributions for f 6 = 1. Notice the large negative contribution at small angles from the interference between the SM and anomalous amplitudes, which has the effect of producing a pronounced dip in the overall distribution. An important signature of the CP -violating properties of the anomalous interaction is the fact that the distribution in Fig. 4(a) is not symmetric under the interchange: l − ↔ l + , cos θ ↔ − cos θ. To illustrate this, we define the asymmetry
which vanishes in the SM. Fig. 4(b) shows A as a function of cos θ for f 6 = 1. The measurement of such distributions can be used to improve the precision of the f 6 determination, although obtaining a realistic, quantitative estimate will require a detailed detector simulation beyond the scope of the present work. 
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